To investigate the mechanism of mirror movements seen in significantly stronger. 
Introduction
Franz Kallmann first described the familial association of involuntary, simultaneous and similar movements of the homologous contralateral finger. The same phenomenon may hypogonadism with anosmia in three pedigrees (Kallmann et al., 1944) . In one of these pedigrees, where a typically also be observed more proximally, sometimes even with flexion/extension at the elbow joint. The mechanism of X-linked mode of inheritance was evident, affected males also exhibited mirror movements. In our experience, mirror mirror movements is uncertain, with some authors suggesting activity in an anomalous corticospinal tract projection (Conrad movements occur in 85% of males with X-linked Kallmann syndrome (XKS) (Quinton et al., 1996a, b) . Voluntary et al., 1978; Britton et al., 1991; van der Linden et al., 1991) and others suggesting a reduction of transcallosal inhibitory movements of any finger of one hand are associated with activity resulting in simultaneous activation of both motor controls (age range 23-49 years) were studied for comparison (N1-N8). All subjects were right-handed as tested by the cortices (Forget et al., 1986; Danek et al., 1992) .
In the previous paper Mayston et al. (1997) present Edinburgh Handedness Questionnaire (Oldfield, 1971) . The study involved the administration of 4.8 mSv effective neurophysiological data on 13 XKS subjects who display mirror movements. Three findings are presented which are dose equivalent of radioactivity per subject, and was approved by the Administration of Radioactive Substances Advisory taken to suggest the presence of an abnormally developed ipsilateral corticospinal projection. First, there was a short
Committee of the Department of Health of the UK. The subjects gave informed written consent, and the study was duration peak centred around time zero in cross-correlograms constructed from multiunit EMG recordings from approved by the joint research ethics committee of the Royal Postgraduate Medical School, Hammersmith Hospital, cocontracting left and right first dorsal interosseimuscles (1DI). Secondly, unilateral focal magnetic brain stimulation London and by the ethics committee of the Royal Free Hospital and School of Medicine, London. of primary motor cortex (M1) induced EMG responses in homologous left and right hand muscles of similar short latency. Thirdly, stimulation of the digital nerves of the index finger of one hand caused modulation of ongoing EMG in Investigations the opposite hand in most subjects.
All subjects underwent a neurological examination to exclude The first experiment of the present study used PET to any relevant neurological symptoms other than mirroring in measure regional cerebral blood flow (rCBF) in six of these the XKS group. 13 XKS subjects with mirror movements. If the mirror All subjects had cranial MRI to obtain T 1 -weighted scans. movements are directed by M1 ipsilateral to the mirroring A 3D reconstruction and editing of the MRI data were hand, one might expect to find no activation of M1 performed using ANALYZE (Robb and Hanson, 1991) . contralateral to that hand. The subjects were scanned while All but two subjects were scanned using a CTI model performing simple voluntary movements with either the left 953B-PET scanner (CTI Inc, Knoxville, Tenn., USA) with or the right hand. We deliberately studied simple distal collimating septa retracted. Subjects K4a and K12 were movements because we wished to minimize the chances of scanned on a Siemens EXACT HRϩ. For each scan, subjects seeing activation ipsilateral to the voluntarily moved hand received a 20-s intravenous bolus of H 2 15 O through a cubital merely due to the complexity of the movement executed. In fossa vein of the left arm. Twelve consecutive PET scans normal subjects, ipsilateral activation of M1 has been reported were collected at 10-min intervals, each over a period of 2 either when proximal muscles are involved (Stephan et al., min, beginning with a 30-s background scan before delivery 1995) or when the movements are complex (Rao et al., 1993) .
of the bolus. The integrated radioactivity counts accumulated However, there are two problems. First, sensory feedback over the 90-s acquisition period, corrected for background, from the mirroring hand should be apparent in primary were used as an index of rCBF. With a field of view of 10.8 somatosensory cortex (S1) contralateral to that hand. Thus it cm in the z-plane, the subjects were positioned so as to is essential to distinguish between activation of M1 and S1.
include the top of the brain, including all of the supplementary A high-resolution PET camera was therefore used in 3-D motor area (SMA), and much of the cerebellum. mode, and the data for individual subjects were coregistered Surface EMG was recorded simultaneously from the left onto the individual's MRI scan for each subject.
and right 1DI in all subjects with the exception of the normal The second problem is that it has been shown in monkeys subjects N1, N2 and N3. During the rest condition and during that the activity of cells in M1 can be modulated by passive movements high gain (50 µV/cm) was used. For the contralateral passive hand movements (Cheney and Fetz, XKS subjects, the EMG was rectified and averaged, and 1984) . In a second experiment we therefore measured the time-locked to the beginning of the voluntary movement; the effect of passive movements. We compared activation of the ratio of involuntary to voluntary activity was calculated using left M1 in the XKS subjects when they moved their left hand the areas of the rectified EMGs for voluntarily intended voluntarily, mirroring with their right, with activation of the movements in both the right and left hands. left M1 when the right hand was passively moved so as to mimic the mirror movements.
Experiment 1: unilateral voluntary finger movements Methods Paradigm
Six XKS subjects exhibiting mirror movements and six
Subjects
We studied eight XKS males (age range 16-48 years) normal controls were investigated. Prior to scanning, all subjects were trained to perform a simple finger opposition exhibiting mirror movements. All subjects had already been studied electrophysiologically; see Mayston et al. (1997) .
task. The movements were paced by an electronic metronome at 1 Hz. The task involved brisk phasic opposition of index The numbering of the subjects (K2, K4a, K5, K6, K8, K9, K10, K12) is identical to that used in that study. Eight normal finger and thumb, with the tips of index finger and thumb only briefly touching before extending again. (Friston et al., 1995a, b) . After normalization, allows an assessment of which hemisphere is more strongly the PET data-set extended from -32 mm below the AC-PC activated when there is bilateral activation of homologous (anterior-posterior commissure) line to ϩ72 mm above it.
areas. Calculations and image-matrix manipulations were performed in PRO MATLAB (Mathworks Inc., New York, USA).
Single subject analysis. For each individual, a comFor each subject, all 12 rCBF scans were realigned to parison was made of the rCBF values during movement and correct for head movement during scanning. A mean image at rest. This was done for voluntary movement of each of these 12 scans was then used to coregister PET data onto hand. For each M1 area, the activation contralateral to the the same individual's MRI scan. PET and MRI data were voluntarily moved hand was then compared directly to the normalized into Talairach space (Talairach and Tournoux, activation contralateral to mirror movements. This allowed a 1988). A smoothing filter of 12 mm was used to accommodate comparison of the size of activation of M1 contralateral to inter-subject differences in gyral anatomy, and to optimize voluntary movements and with that contralateral to mirror the signal-to-noise ratio. Differences in global activity within movements. and between subjects were removed by analysis of covariance. Using the t statistic on a voxel-by-voxel basis, statistical parametric mapping (SPM{t}) maps were generated with Experiment 2: M1 activation during passive areas of activation of P Ͻ 0.001 for the group and P Ͻ 0.01 finger movements for single subjects. Our a priori hypothesis was that, if Two right-handed XKS subjects (K4a and K12) and two voluntary and mirror movements are controlled by the same right-handed normal subjects (N7 and N8) were studied. M1, there should be only unilateral M1 activation during unilaterally intended finger movements. In view of this explicit prior hypothesis no correction for multiple comparisons was made.
Paradigms
In this experiment we compared active versus passive finger After coregistration of the single-subject high resolution 3D PET data onto individual MRI scans, the central sulcus movements. Prior to scanning, subjects were trained to relax while the experimenter passively moved their right index was determined on a transverse cut at z ϭ ϩ60 mm, as the sulcus which lay between the marginal segment of the finger and thumb, mimicking the brisk active movement of finger-thumb opposition. Subjects were further instructed not cingulate sulcus (posteriorly) and the paracentral sulcus (anteriorly). To determine, in single subjects, whether a peak to think about the movements. Surface electrodes on 1DI monitored the EMG activity. The presence of any EMG was localized either in M1 or S1 the central sulcus was followed on transverse planes down to the level of the peak activity could then be recognized by the subjects, as EMG biofeedback was provided in the training phase via a loud of the activation. M1 was defined as the anterior bank of the central sulcus, S1 as the posterior bank of the central sulcus.
speaker. During PET scanning the conditions for the XKS subjects were: (A) voluntary active finger-thumb opposition of the left hand; (B) passive finger-thumb opposition of the right
Planned comparisons
hand, by the investigator, so as to mimic the involuntary mirroring in the right occurring in condition A; (C) (baseline) Activation for each group. For both the XKS and normal groups a comparison was made of the rCBF values during the investigator held the index finger and thumb of the subject's right hand, but without moving them. movement and at rest. This was done for movement of each hand.
During PET scanning the conditions for the normal subjects were: (A) voluntary active finger-thumb opposition of the right hand; (B) passive finger-thumb opposition of the right Inter-group comparison. A direct comparison was made between the activation (movement versus rest) for the group hand so as to mimic the movement in A; (C) (baseline) the investigator held the index finger and thumb of the subject's movement of the left hand are to be found in column Rl (activation contralateral to the voluntarily moved hand) and right hand, but without moving them.
During conditions B an investigator moved the subject's Ll (activation ipsilateral to the voluntarily moved hand). Independent peaks in M1 and S1 are listed as such in the right index finger and thumb, mimicking the finger-thumb opposition movements which occurred in condition A. In the tables. Whenever there is only a single peak in either M1 or S1, but the activation extends into the adjacent area, the normal subjects, the finger tips of thumb and index finger touched during both conditions (A and B). In the XKS coordinates of the peak are shown in the appropriate area in the table and also repeated (in square brackets) for the area subjects, however, the finger tips were not brought to contact during the passive condition, since subjects never brought into which the activation extends. Both groups showed strong contralateral M1 and S1 the tips of thumb and index finger into contact when mirroring. During condition B the investigator held the subject's fingers activation. An ipsilateral activation (contralateral to the mirroring hand) was found only in the XKS group during laterally at the distal interphalangeal joint. The passive movements were paced by the metronome at 1 Hz. One voluntary movements of either hand. Both groups showed strong activation of the SMA, normal subject was only studied in conditions B and C.
extending ventrally into anterior cingulate regions. The SMA activation was mostly contralateral to the voluntarily moved hand. Additionally there was some ipsilateral activation in
Data analysis
the XKS group during voluntary movements of the left hand. The image and data analysis was as for Experiment 1 with
The lateral premotor area (Brodmann area 6) was bilaterally the following changes. This experiment was performed later activated in the normal group during movements of either than Experiment 1, and therefore SPM 96 (Wellcome hand. The XKS group showed bilateral activation during Department of Cognitive Neurology, London, UK; Friston voluntary movements of the left hand. During right hand et al., 1995b) had become available and could be used. SPM movements, significant foci of activation were only present 96 has the advantage that the fit of the PET to the MRI is in the right lateral premotor area. Activation of the lateral more reliable, and the data are examined in the stereotaxic premotor cortex extended ventrally into frontal opercular and space as defined by Evans et al. (1991 Evans et al. ( , 1993 . After insular regions. normalization, the PET data-set for the two XKS subjects There was strong cerebellar activation ipsilateral to the extended from -52 mm below the AC-PC line to ϩ84 mm voluntarily moved hand in both groups, and this was true for above it and from -30 mm to ϩ78 mm for the two voluntary movements of either hand. Additional contralateral normal subjects. SPM{t} maps were generated with areas of activation occurred during voluntary movements of the right activation where P Ͻ 0.005 for single subjects.
hand in the normal group and the left hand in the XKS group. In the normal group there was a focus in the left putamen during voluntary movements of either hand, as well as a XKS group showed stronger activation than the normal group: M1/S1 ipsilateral to the voluntarily moved hand, i.e. contralateral to the mirroring hand (Ll coordinates ϭ -30,
Results
-28, ϩ48, Z ϭ 3.72; Rr coordinates ϭ ϩ32, -28, ϩ52, Activation contralateral to the voluntary and mirroring hand. This comparison relates the activation in right hemisphere) and the hand that was moved voluntarily (lower case letters: r ϭ moving right hand, l ϭ moving left each hemisphere of XKS subjects when the activation of that hemisphere was contralateral to voluntary movement and the hand). Thus foci of significant activation during voluntary movement of the right hand are to be found in column Lr activation of the same hemisphere when the activation was contralateral to mirror movements. Differences were found (activation contralateral to the voluntarily moved hand) and Rr (activation ipsilateral to the voluntarily moved hand).
only for M1/S1 (P Ͻ 0.001). For the left hemisphere, M1/ S1 were more activated when contralateral to the voluntarily Likewise, foci of significant activation during voluntary The coordinates and Z-scores refer to the most significant focus in that area. Where activation extends into two areas, as for M1 and S1, but there is a single focus, the coordinates of the peak are given, and repeated in square brackets for the area into which the activation extends. The Talairach coordinates (Talairach and Tournoux, 1988) are given in mm for the maximally significant pixel in each area: x ϭ lateral displacement from the midline, negativity leftwards; y ϭ anteroposterior displacement relative to the anterior commissure, posterior negative; z ϭ vertical position relative to the AC-PC line, negativity downwards; n.s. ϭ not significant. Columns are organized according to hemisphere (L ϭ left hemisphere; R ϭ right hemisphere) and the hand that was voluntarily moved (l ϭ left hand; r ϭ right hand). Thus activations contralateral to the voluntarily moved hand are in the Lr and Rl columns, and ipsilateral activations are in the Ll and Rr columns.
moving hand (coordinates ϭ -36, -32, ϩ48, Z ϭ 3.84). For In four out of six XKS subjects with mirror movements (K2, K6, K9 and K10) the predominant activation lay in the the right hemisphere, M1/S1 were also more activated when contralateral to the voluntarily moving hand (coordinates ϭ M1 contralateral to the voluntarily moved hand; this can be seen from the comparisons made in the two columns on the ϩ34, -34, ϩ52, Z ϭ 5.18).
right of Table 1 . In all the XKS subjects there was activation of the M1 ipsilateral to the voluntarily moved hand, that is Individual subject activation. For the individual data, the significance level is P Ͻ 0.01; this level was chosen to contralateral to the mirroring hand. However, the degree of this activation differed greatly between subjects. For Subject maximize the chance of finding ipsilateral M1 activation in the individuals in the normal group. All normal subjects K5 there was a large right M1 activation whichever hand he moved voluntarily and only a small left hemispheric activation showed strong activation of M1 contralateral to the voluntarily moved hand. Additionally there were small but significant higher up in M1. For Subject K8 both the left and right M1 were strongly activated whichever hand was voluntarily ipsilateral M1 activation in Subjects N2 and N6 when they moved their non-dominant left hand.
moved. Figure 1 shows the activation for the individuals in the Table 2 lists the foci of activation in M1 for the individual XKS subjects. The layout of Table 2 follows the conventions XKS group when voluntarily moving their right or left hand. Transverse sections have been cut through M1 at the level outlined for Table 1 . However, there are two additional columns: Lr-Ll and Rl-Rr. These columns list significant of the most significant focus in M1. The PET images for the individuals are coregistered onto their MRI scans. foci when comparing the activation of each hemisphere when it is contralateral to voluntary movements (Lr and Rl, All normal subjects showed S1 activation contralateral to the voluntarily moved hand. None of the normal subjects respectively) with the activation of the same hemisphere when it is contralateral to mirror movements (Ll and Rr, showed ipsilateral S1 activation. Table 3 shows the foci of S1 activation for the individual respectively).
Each activation was checked for its anatomical location XKS subjects. There were distinct S1 and M1 foci in all but two XKS subjects (K2 and K9); in these two, M1 activation by coregistering the individual PET image with the individual MRI. This allowed a distinction to be drawn between extended into S1. Five out of six XKS subjects showed bilateral S1 activation. In Subject K5 no S1 activation was activation in M1 and S1 by determining whether the focus of activation was anterior or posterior of the central sulcus.
found in the left hemisphere. In all other subjects there were Conventions as in Table 1 . Columns Lr-Ll and Rl-Rr list significant foci when comparing M1 activation contralateral to voluntary movements with that contralateral to mirror movements, in the left and right hemispheres, respectively. * P Ͻ 0.05. The extent of the activation in the z-axis is given in brackets (z-extent). strong contralateral S1 activation. Additionally all but one was no EMG activity during rest or in the resting hand in Subject N5. However, low amplitude EMG activity was (K5) XKS subjects showed S1 activation ipsilateral to the voluntarily moved hand (contralateral to the mirroring hand).
found in the resting hand in Subjects N4 and N6 when they moved their left hand voluntarily. There was also ongoing The degree of ipsilateral activation varied between subjects.
low amplitude EMG during rest in both hands in Subject N6.
XKS subjects. Conventions as in Table 1 . The extent of the activation in the z-axis is given in brackets (z-extent).
Table 4 Ratio of involuntary versus voluntary EMG in
In Subjects K4a and K12, the M1 activity in the left XKS-subjects during PET scanning hemisphere was similar when the right hand was involuntarily mirroring and when it was passively moved and a direct K4a, which was excluded from the analysis due to ongoing during which low amplitude EMG was registered in either hand.
activity in the left 1DI. movements, though there was considerable variation in the degree of involuntary compared with voluntary activity. In Subject K5 the EMG activity was stronger in the mirroring Discussion hand when the subject moved his right hand voluntarily.
There are five main findings. First, in the single subject subjects K2 and K10 showed only minor degrees of EMG analysis significant activation of M1 in all the XKS subjects activity in the mirroring hand.
was found ipsilateral to the voluntarily moved hand, i.e. contralateral to the mirroring hand. M1 activation ipsilateral to the voluntarily moved hand occurred in only two out of Experiment 2: M1 activation during passive six normal subjects. Ipsilateral activation of M1 has been reported in other studies of normal subjects using PET and finger movements Table 5 lists significant activation in S1/M1. All subjects fMRI (functional MRI) (Rao et al., 1993; Stephan et al., 1995) , but Rao et al. (1993) report finding ipsilateral showed M1 activation contralateral to the passively moved right hand. In Subject N8, the degree and extent of M1 activation only for complex movements and Stephan et al. (1995) in movements involving the proximal musculature. activation was similar in active and passive finger movements; a direct comparison of active versus passive did not reveal Secondly, when the XKS group was compared with the normal group, there was a significantly greater activation in any significant difference in M1 activation in this subject.
Both XKS subjects tested showed bilateral S1/M1 S1/M1 ipsilateral to the voluntarily moved hand in the XKS group. The groups also differed in that there was more activation during active finger movements of the left hand. Coordinates are in stereotaxic space as defined by Evans et al. (1991 Evans et al. ( , 1993 , Z-score and extent in the z-plane refer to the focus with the most significant activation in that area. Where the activation extends into two areas, e.g. M1 and S1, but there is a single focus, the coordinates of the peak are given for wherever the peak is localized and repeated in square brackets in the area into which the activation extends. The extent of the activation in the z-axis is given in brackets (z-extent).
activation for the XKS group in the right putamen and the bank of cingulate cortex have been shown to induce mirror movements in monkeys when they perform bimanual tasks right cerebellar vermis. It is not clear how these differences could explain the mirror movements. We assume that they (Brinkman 1984) . However, if mirroring in XKS subjects was caused by a disturbance of the SMA and cingulate result from the differences in ipsilateral S1/M1 activation.
Thirdly, for the XKS group, activation in S1/M1 was cortex, one would have predicted a robust difference between the groups in these areas. greater contralateral to the voluntarily moved hand than contralateral to the mirroring hand, whichever hand was Fifthly, passive movement of the right hand was shown to activate M1 contralateral to the passively moved hand in all used. This was also the case with four out of six XKS individuals (K2, K6, K9 and K10) in the single subject XKS and normal subjects studied in the later experiment. This has important consequences for the interpretation of our analysis. For a fifth individual (K8) this only held for the left hemisphere and only if a lower significance level was data and will be discussed first. accepted (P Ͻ 0.05). Fourthly, at a significance level of P Ͻ 0.001 there was no difference between the XKS and normal group in the
Active versus passive movements
In Experiment 2 we have shown that M1 is activated during SMA and the underlying cingulate cortex. This is important because there are dense callosal connections between the left passive movement of the contralateral hand. This has also been shown in previous studies (Zeffiro and Hallett 1992 ; and right SMA and the left and right cingulate cortex (Rouiller et al. 1994) , and unilateral lesions of the SMA and upper Bernard et al., 1996) . The second of these studies used fMRI and clearly shows that the activation includes M1. In our subjects. Their table 4 has been arranged according to the size of the ipsilateral response projection as revealed using focal study, direct comparisons of M1/S1 activation in the left hemisphere showed that for Subject N8 there was no magnetic brain stimulation.
The single subject analysis of PET data has shown significant difference in M1 activation between active and passive right finger movements. In both XKS subjects studied, considerable inter-subject differences within XKS patients, in particular with regard to degrees of contra-and ipsilateral M1 the M1/S1 activation contralateral to the mirroring hand was similar to that seen when the same hand was passively moved.
activation. The order seen in the electrophysiological data, however, does not correspond to any order that can be seen in It seems possible that in subjects with mirror movements the M1 activation ipsilateral to the voluntarily moved hand (i.e. the PET data, nor is the amount of mirroring, as recorded by EMG during PET scanning, reflected in the PET activation contralateral to the mirroring hand) can, at least in part, be accounted for by sensory feedback from the mirroring hand.
data. For example, it can be inferred from the electrophysiological It is important to note that the M1/S1 activation contralateral to the passively moved hand was more extended findings that Subject K2 has a more pronounced large-diameter corticospinal projection ipsilaterally than contralaterally. This in the normal subjects. This may be explained by the additional cutaneous afferent input due to the touching of leads one to predict that the PET study would reveal a stronger M1 activation ipsilateral to the voluntarily moved hand. the fingertips, which was present in the active and passive movements of the normal subjects, but not in the mirroring However, this was not the case. Subject K2 clearly shows bilateral M1 activation, independent of which hand is or passive mimicking of mirroring in the XKS subjects.
voluntarily moved. Furthermore, the contralateral M1 activation seems to be more pronounced, independent of which hand is being used. One explanation is that this subject does Differences between XKS subjects Mayston et al. (1997) report significant inter-subject use both motor cortices to initiate finger movements. Alternatively the M1 activation may be a combination of differences in their electrophysiological findings on XKS afferent and efferent activity. As this subject showed only weak Thirdly, in the study by Mayston et al. (1997) the data are derived from several sources. Focal magnetic brain stimulation mirroring, one would expect a stronger sensory feedback from the voluntarily moving hand. This may account for the more was used to evoke excitation of motor neurons artificially, and cutaneo-muscular reflexes were recorded following excitation pronounced contralateral M1 activation.
In Subject K5, the extent of the right M1 activation is greater of digital nerves. In this study, on the other hand, the subjects were intending voluntary movements of one hand. Mayston than that of the left M1, regardless of which hand is being voluntarily moved. The M1 activation is also strikingly similar et al. (1997) also correlate the EMG activity from both hands while subjects were engaging in voluntary movement. during voluntary movements of either hand. Another surprising finding is the lack of left S1 activation in this patient, who had However, while the results indicate that the responses of the two hands can be correlated in time, they do not define the strong mirror movements. This is also the only subject whose involuntary mirror movements of the left hand are more spatial location of the common generator, although M1 remains the most likely site. pronounced than the voluntary movements of the right hand.
Data from focal magnetic brain stimulation for Subject K8 suggest that the ipsi-and contralateral corticospinal large diameter projections are similar. In this subject who had fairly Control of the mirroring hand Cohen et al. (1991) have previously reported a PET study in strong mirror movements, the activation of M1 is similar for the left and right M1, regardless of whether the activation is which they found bilateral activation of the sensorimotor cortex in two patients with congenital mirror movements. Our PET contralateral to the voluntarily moved hand or the mirroring hand. The M1 activation may again reflect a combination of study has revealed that XKS subjects with mirror movements have indeed different degrees of bilateral activation of M1 sensory feedback and motor control.
According to the electrophysiological findings, Subjects K9 when performing a unilaterally intended movement. One interpretation of this result could be that mirror movements in and K10 have a predominantly contralateral, large-diameter corticospinal projection. The more pronounced contralateral these subjects result from a simultaneous activation of the left and right motor cortex, as suggested by Shibasaki and Nagae M1 activation in these subjects could be seen to be consistent with the electrophysiological data. Alternatively, the stronger (1984). They examined movement-related cortical potentials in an XKS subject and found a premovement negative response contralateral M1 activation could be explained by additional cutaneous afferent feedback resulting from the touching of the bilaterally in response to intended unilateral hand movement. They then argued that mirror movements were generated by fingertips of the voluntarily moved hand. The fingertips of the mirroring hand did not touch. However, whereas Subject K9 unintended excitation of the primary motor cortex opposite to the involuntarily moved hand. Danek et al. (1992) suggested exhibits strong mirroring, Subject K10 only mirrors slightly. This difference is not expressed in the PET findings.
that there may be a lack of transcallosal inhibition in XKS subjects with mirror movements. Such a hypothesis would predict bilateral activation of M1 as found in the present study. More recently Mayer et al. (1995) compared movement-related
Comparison of PET and physiology
Three problems arise when comparing PET activation data and potentials in patients with autosomal dominant (i.e. nonKallmann syndrome) mirror movements and normal subjects the results of neurophysiological experiments.
First, the present study demonstrates that M1 activation while they were executing unilaterally intended finger movements. Whereas there was no difference in premovementoccurs when the contralateral hand is moved passively. It has been shown directly that there are cells in the primate M1 related cortical potentials, movement-related potentials around the onset of the EMG recorded from both hands was bilateral that are responsive during passive movement (Lemon, 1981; Cheney and Fetz, 1984; Andersson, 1995) . Thus, in the XKS in patients with mirror movements, but only contralateral to the voluntarily moved hand in the normal subjects. They concluded group, M1 activation ipsilateral to the voluntarily moved hand is also explicable in terms of sensory feedback from the that the ipsilateral cortical activation around movement onset may be associated with a cortical mechanism trying to involuntarily mirroring hand.
Secondly, it is believed that the changes in rCBF measured compensate for abnormal ipsilateral corticospinal pathways in subjects with persistent mirror movements. in PET relate to changes in the activity in cell terminations (Jueptner and Weiller, 1995) . If this is so, activation seen in Mayston et al. (1997) have presented evidence that suggests that, in at least some XKS subjects, the mirror movements could M1 probably represents the summated afferent activity from regions that project to M1; these include S1, parietal area 5, result from activity in an abnormally developed ipsilateral tract. The PET data could be interpreted as being consistent with this premotor cortex, the SMA and ventral thalamus (Muakkassa and Strick, 1979; Ghosh et al., 1987; Matelli and Luppino, hypothesis if it is supposed that the M1 activation contralateral to the mirroring hand is the result of the mirror movements 1993). Thus, whereas magnetic stimulation excites the pyramidal output cells either indirectly or directly but locally rather than their cause. Had the PET experiments shown only unilateral activity in (Werhahn et al., 1994) , the demonstration of an rCBF increase in M1 does not give a direct measure of the activity of these M1 in XKS subjects, they would have been decisive. However, given the finding of bilateral activity, the PET data do not output cells.
